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ABSTRACT 

The differential cross section, d'o/dtdMs', for the 

inclusive reaction pp- Xp has been measured in the 

ranges of 0.001 2 ItI 5 0.017. (GeV/cj2 and 1.2 2 Mx2 2 

8.0 GeV2 for incident proton momenta from 50 to 400 

GsV/c. We present the averaged values of d2a/dtdMs2 Vs. 

t and Hx2 from 150 to 400 GeV/c. The differential cross 

section has been parametrized by d20/dtMs2(s,t,M~2) = 

(1 + C/S) A(Hs2) erp(b(Mx2) (t + 0.011). 
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1. IDTRDDUCTION 

The diffraction scattering of protons on protons, dcuterium 

and helium has been studied at low - t in 6 series of experiments by 

the Dubna-USA collaboration. This paper reports on the raaulta of 

s Yasurement of the differential cross section db/dt81s2, for the 

inclusive reaction pp + Xp. The measurement has been porformed at 

Zerrilab by detecting slow-recoil protons from a hydrogen-gas-jet 

target intersecting the accelerator beam. 

II. XPENIMENTAL METNOD 

The experimental setup was located in the Internal Target Area 

at Fermilab. 

The circulating beam of the accelerator multiply intercepted 

the pulsing hydrogen-gas-target. The jet target had the following 

characteristics: the pulse duration was 100 msec, the quantity of 

pulses per cycle 3, the thickness 2 s 10 -8 g/cm2, the full width at 

half maximum 12 mm. 

Slow-recoil protons were detected by the stacks of two Ei 

detectors 6 to 10 mm in diameter. The thickness were 17 to 100 urn 

for front detectors and 200 to 1500 urn for rear detectors. 

The detectors were mounted in the movable vacuum gionguideg 

connected directly to the main ring chamber. The distance from the 

target to the detector array was 7.2 m. The *ionguide' with the 

detectors could vary over an angle of O-140 nrad (from 90° to the 
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beam direction). WC present data in a ItI range of 0.001 to 0.017 

(GeV/cl 2. The lower limits depend on background conditions, the 

upper limits on the thicknesses of the rear detectors. 

Me data were obtained at two sets of proton mOmenta: 

1) 50, 160, 340 GeV/c and 

2) '50, 270, 400 GeV/c 

for twelve angle positions. 

About 400,000 inelastic events were recorded for a running 

period of 160 hours. 

The data were normalized using two permanently fixed detector 

#tacks which measured elastic scattering at Iq 3 0.01 (GeV/c12. 

The absolute values of the elastic differential cross section b?ere 

taken from Ref. 1. The uncertainty of normalization was estimated 

to be i28. 

The N,' values were limited for incident proton momenta, 50, 

160, 270, 340 and 400 GeV/c, respectively: 1.8; 3.4; 5.8; 7.0 and 

1.1 Gel?. 

III. DI$IERHINATION OF THE DIFFERENTIAL CRDSS SDCTIONS 

db /dtdMx2 ANI TEE Ms 2 RESOLUTION 

The missing mass squared, Ms2, and the differential cross 

section, d20/dtdM x2n are given by: 

N,2 - up2 +2p1q sin -(l+ 
c '~ 

5, kl. 
1, p1 "p 

(1) 
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z$=-Q+i Yk 
(2) 

where p1 is the incident proton momen,tum, Mp the proton mass. t- the 

four momentum transfer squared (ItI = WpT, where T is the kinetic 

energy of the recoil proton), 9 - the recoil angle measured from 

90°, At the bin width in t, AN(t) the number of particles recorded 

in the At interval, AR the detector solid angle, and L the target- 

beu luminosity CL = Net/(% AR,%)). 

Figures 1 and 2 illustrate the recoil kinematics of the 

pp * Xp reaction. The Mm2 resolution depends on the resolution of 

pl, t and a We have A 91 = 26 GeV/c, AS = s1.0 mrad,At = i2 x 10 -4 

(Gel/C) 2. In our kinematic region the values of A Ha2 ace of the 

order of to.1 GeV2. 

IV. BACKGKGUND SUBTRACTION 

?igure 3 shows the kinetic energy spectra of recoil particles 

recorded by a stack of Si detectors at an angle of 76 mrad (from 

9o", . The thickness of the front detector is 190 urn and the thick- 

meas of the Iear detector - 1500 urn. 

Three spectra ace presented: 

l ) p1 - 400 GeV/c. One can observe the elastic scattering 

peak and two enhancements which correspond to Urn2 = 1.95 

GeV2 and Ua2 = 2.8 GeV2. 
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p1 - 50 GeV,'c. There are practically no inelastic events 

in this spectrum. Taking into account the resolution, 

the largest Ha2 value is about 1.17 GeV2. 

p1 I 150 GeV/c. This spectrum. was recorded during the 

same time interval as spectra (a) and (b), 1 set after 

that the first jet pulse terminated. This spectrum con- 

sists of the recoils of residual (not pumped-out) 

hydrogen. 

shape of the recoil spectra depends on three different 

interaction regions: 

The central jet region (about 2 mrad). 

The region of diffused gas around the jet which is 

directly vseenv by the detectors and clearly limited by 

ionguide collimators (about 12 mradl. 

The extensive region of diffused gas shielded from direct 

view of the detectors by various parts of the apparatus. 

This region can provide sources of secondary particles. 

Let us consider the shape of spectrum lb) in Fig. 3 which has 

90 inelastic events. A steeply decreasing background of low energy 

recoil particles is observed from 0 to 2 MeV. The intensity of this 

background is directly proportional to the thickness of the front 

detector and makes a significant contribution of particles other 

than protons. The protons having energy above 5.5 HeV penetrate 

into the rear detector. The AE-E identification begins to work, 

amd the background steeply d&creases. In the range from 6.3 to 13.5 

IleV one observes the narrow elastic peak placed on the flat 
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pedestal of elastic recoils from the ~diffused gas. The height of 

the pedestal is greatly limited due to the ionguide collimators. 

Above 13.5 MeV the background is practically the same as in front of 

the elastic pedestal. 

We compared many spectra of the (a), (b) and (cl types and drew 

two conclusions: 

(1) The background level is directly proportional to the 

amount of diffused gas (but not to the central jet density); 

(2) The shape and the size of the background are practically 

independent of the beam proton momentum. 

Taking into account these conclusions we subtracted the 50 

GeV/c spectra as background from the 160-400 GeV/c spectra. The 50 

GeV/c data were slightly stretched to correct for small elastic 

kinematic differences at the two momenta and then normaliaed to tha 

high momentum data so that the numbers of elastic counts were 

equal. 

This method of background subtraction made it possible to use 

all parts of the spectra including the ranges, where the particles 

are not identified, and the ranges near the elastic peak. The 

procedure of subtraction does not work at the angles where the 

inelaStiC cross SeCtiOn at 50 GeV/c is sizable. For these ranges 

Only particles stopping in the rear detectors were used, and the 

background, averaged over the region from the elastic pedestal to 

the pion threshold, was subtracted. This background was assumed to 

be constant and was equal to (taking into account Eq. (2)): 



-e- 

d2,/dtdMx2(pl) = 1.2 x 50/pl 
mb 

(G&c) 2 GeV’ 

Tbi8 background can be seen in Fig. 3b in an interval of 5.5-8.3 MeV 

8nd in Fig. 4, where the differential cross section is shown at 50 

GeV/c. 

V. TEE DEPENDENCE OF TSS DIFFERENTIAL CROSS SECTION 

d2,/dtdMx2 ON INCIDENT PROTON HOMENTUM, pl 

The differential cross sections are fitted by the exponential 

form: 

62, (pl,Mx2,t) = a(H~21pl)exp(b(p1, Dr21 it + 0.0111 
dtdU,2 

(3) 

We use (t + 0.01) instead of the usual (t) to decrease the a 

and b correlation. The value t = -0.01 (GeV/c) 2 . is approximately 

the center of our t-range). 

At this .step of data processing the choice of just the es- 

ponential dependence is not very important (because our t-range is 

very narrow, the fit is done mainly to get the average charac- 

teristics of our data set.) 

Then the a(pl,Mr2) is fitted by 

l (pl.n, 2 1 - a,(nx2) 1 + 
c (ax21 

c J Dl 
(4) 

The values of a(pl,Hx3) , a,lMx2) and C(Ma2) are-presented in Table 

I. 
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The value of C(Mx2) is shown in Fig. 5. In a range of 

1.3 2 Hs2 2 3.2 Gev' the averaged C value is E = 19 f 4 GeV/c. 

~auming this averaged dependence on pl for all data, we have 

a_(Mx2)exp(b(Mx2)(t + 0.01)) (5) 

The spread and the errors of b(p1,Mx21 are large. and we do not 

present their values here. The values of b(Mx2) averaged over 160- 

400 GeV/c will be obtained below. 

VI. xx 2 AM) t DEPENDENCE OF TEE d%/dtdns' 

CROSS SECTIONS 

To have more information to study the Ma2 and t dependence of 

d2cv/dtdMx2 , ye combined the data at 160, 270, 340 and 400 GeV/c and 

normalized them to pl = 300 GeV/c according to Eq. 5: 

d20 (pl = 300 GeV/c) = d20 
dtdMr2 dtdHx2 

Tbe8e normalized values of d20/dtdMx2 are presented in Table II. 

Several examples of the t-dependence of d2u/dtdnx2 at fired FIX 2 

values are plotted in Fig. 6. Table II, and figures 7 and 8 show 

the values of A(Hx2) and b(Hx2) obtained by fitting 
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dl, (t,Mx2) 
dtm,’ 

. A(Mx2)exp(h(Mx2) It + 0.01.)) (6) 

Typical values of x2 are 1.5 per degree of freedom. We,do not show 

the b(hx2) values fOC Mx2 > 3.2 GeV2 because the errors are very 

large. The data at Iti < 0.003 (GeV/c) 2 are not used for this fit 

aa the Coulomb production of pions cannot be neglected at such 

8nall 1q. 

We also present an empirical parametrization of A(Mr 2, and 

b Wx2) . 

rhereUo=M +M,, 
P 

Fk are the Breit-Wigner type functions 

‘k = Ck rk2/(tix(4(Mx-Mk)2 + rk2H2 

(7) 

(8) 

Cl = 1.14 * 0.05; c2 = 1.58 * 0.02; c3 = 0.12 i 0.04; 

=4 
= 4.64 f 0.10; 

*1 = 1.408 t 0.002, M2 = 1.682 f 0.003, M3 = 2.14 f 0.02. 

Tl = 0.356 * 0.007, T2=0.216 ?. 0.013. r3 = 0.33 t 0.10. 

b(IIs2) is parametrized by 

b(ma2) = (13.2 * 1.2) l xp (-(O-74 r 0.30) (Mx2 - #lo2)') 

+ 6.5 (GeV/c)‘2. ; (9) 
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The asymptotic value b(Mx2 = -) - 6.5 (GeV/c) 
-2 was not found 

by this fit but was taken from references 2 and 3. 

VII. CONCLUSIONS 

The results of this work can be summarized as follows: 

1) 

2) 

3) 

41 

The experimental method of the gas jet target together 

with recording recoils by solid state detectors works 

well for studying the reaction pp + Xp to 14 as small as 

ItI = 0.001 (GeV/cJ2. 

The tables present the differential cross section 

d20/dtdn,’ vs. t and M,’ averaged over 160-400 GeV/c in 

intervals of 1.2 f Mx2 < a.0 Gev2 and 0.001 5 ItI f 

0.017 (GeV/c)l. 

The differential cross section is parametrized by 
I 

d2a 

dtdnx2 
(t,Mx2) = A(Mx2 )exp(b(Mx2) (t + 0.011). 

The parameters A(Ms2) and b(Mx2) are approximated by 

empirical formulae (7) and (9). 

The b(Mx2) values are in good agreement with data of 

other experiments on nucleon diffraction dissociation at 

larger jt/ values (for instance, references 4 and 51. 

This means that the exponential t-dependence of the 

differential cross section d20/dtdMx2 holds down to It/ 

l 0.002 (GeV/c)2. No indication of a turnover is 

observed. 
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5) The differential cross section d2~dtdMs2 shows a small 

energy dependence form 50 to 400 GeV. 

Tbe s-dependence, averaged in an interval of 1.2 2 Ma2 23.0 

GN2, is approximated by 

d2, (6, t,nx21 
dtdMx2 

. (1 + 36 f “) am (t,H.2) 
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TABLE CAPTIONS 

Table I: The values of a(Pl,Mx2) determined by the fit 

dz, (pl,Mx2,tl 
dtdM,* 

= a(Pl,M,2)exPlb(Pl~~x 2) (t + 0.01)). 

The parameters C and a, are determined by the fit 

c Wx2) 
=(Pl*Mx*l = .JM,*) 1 + pl 

(The errors are statistical). 

Table II: The differential cross section d*ddtdMs* obtained for 

p1 equal to 160, 270, 340, 400 GeV/c and normalized to 

pl = 300 GeV/c according to Eq. 5; A(M,*) and b(Hx2) are 

determined by the fit 

d*, 
dtdM * 

CM 2 x rt) - A(t.lx2~exp(b(Mx2) (t + o-01)) 

x 

(The errors are statistical). 
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FIGURE CAPTIONS 

?igurel: Recoil kinematics for the inclusive reaction pp + Xp at 

400 GeV/c beam momentum. 

(6 is measured from 90° to the beam direction). 

Figure 2: Missing mass kinematics at a fixed angle of 100 mrad for 

several values of the beam momentum. 

Pigure3: Energy spectra of recoils observed by the detector stack 

at an angle of 78 mrad. The thickness of the front detec- 

tor is 190 urn and the thickness of the rear detector 1500 

)Im. The dark line is the spectrum at 400 GeV/c. The 

light line is the spectrum at SO GeV/c. The shaded spec- 

trum is recorded from residual gas at 150 GeV/c. This 

figure is discussed in detail in the text. 

ligure 4: Differential cross section d2ddtdMx2 vs. Hx2 at ItI = 

0.01 (GeV/c)* and pl - SO GeV/c. The background is not 

8ubtracted. 

Figures: Paramqter C(s*) determined by the fit 

2 
d O2 (Pl.nx*,t) = 1 + 

dtdMx 
=,Wx21~w(b@l,Mx21 (t + 0.01)) 

?igure6: The d2,,/dtdMx2 VS. ItI at several fixed Mx2 values. 

The data are obtained at 160, 270, 340 and 400 GeV/c and 

normalized to 300 GeV/c according to Eq. 5. 

Tigure7: Parameter b vs. @lx * determined in the interval 0.003 ( 

ItI 5 0.017 (GeV/c)* by the fit 
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d2~/dtdMx204x2,t) = A(Mx2)exp(b(M,*)(t + O-01!) 

The solid line corresponds to Eq. 9. 

(The data are normalized to 300 GeV/c). 

llgure8: Parameter A(Mx2) (see the caption of Fig. 7) oc the value 

of d2,/dtdMx2 vs. Mx2 2 at ItI = 0.01 (GeV/c) . The solid 

line corresponds to Eq. 7. (The data axe normalized to 

300 GE-V/C). 
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